The present study was carried out in order to examine and characterize the bidirectional hydrogenase in the cyanobacterium Nostoc sp. strain PCC 73102. Southern hybridizations with the probes Av1 and Av3 (hoxY and hoxH, bidirectional hydrogenase small and large subunits, respectively) revealed the occurrence of corresponding sequences in Anabaena variabilis (control), Anabaena sp. strain PCC 7120, and Nostoc muscorum but not in Nostoc sp. strain PCC 73102. As a control, hybridizations with the probe hup2 (hupL, uptake hydrogenase large subunit) demonstrated the presence of a corresponding gene in all the cyanobacteria tested, including Nostoc sp. strain PCC 73102. Moreover, with three different growth media, a bidirectional enzyme that was functional in vivo was observed in N. muscorum, Anabaena sp. strain PCC 7120, and A. variabilis, whereas Nostoc sp. strain PCC 73102 consistently lacked any detectable in vivo activity. Similar results were obtained when assaying for the presence of an enzyme that is functional in vitro. Native polyacrylamide gel electrophoresis followed by in situ hydrogenase activity staining was used to demonstrate the presence or absence of a functional enzyme. Again, bands corresponding to hydrogenase activity were observed for N. muscorum, Anabaena sp. strain PCC 7120, and A. variabilis but not for Nostoc sp. strain PCC 73102. In conclusion, we were unable to detect a bidirectional hydrogenase in Nostoc sp. strain PCC 73102 with specific physiological and molecular techniques. The same techniques clearly showed the presence of an inducible bidirectional enzyme and corresponding structural genes in N. muscorum, Anabaena sp. strain PCC 7120, and A. variabilis. Hence, Nostoc sp. strain PCC 73102 seems to be an unusual cyanobacterium and an interesting candidate for future biotechnological applications.
Cyanobacteria may possess several enzymes involved in hydrogen metabolism: (i) a nitrogenase, catalyzing the production of H 2 concomitantly with the reduction of N 2 to NH 3 (7, 11, 32) ; (ii) an uptake hydrogenase, catalyzing the consumption of H 2 produced by the nitrogenase (15, 17, 21, 33) ; and (iii) a bidirectional hydrogenase, which has the capacity to both take up and produce H 2 (8-10, 16, 23, 26, 28, 29) (for a general review, see reference 30).
Molecular hydrogen is an environmentally clean source of energy that may be a valuable alternative to the limited fossil fuel resources of today. For photobiological H 2 production, cyanobacteria are among the ideal candidates since they have the simplest nutritional requirements: they can grow in air (N 2 and CO 2 ), water (electrons and reductant), and simple mineral salts with light as the only source of energy. In N 2 -fixing cyanobacteria, H 2 production is mainly catalyzed by a nitrogenase, but its partial consumption is quickly catalyzed by a unidirectional uptake hydrogenase. In addition, a bidirectional enzyme may also oxidize some of the molecular hydrogen.
Filamentous heterocystic cyanobacteria have been used in bioreactors for the photobiological conversion of water to hydrogen. However, the conversion efficiencies achieved are low because the net H 2 production is the result of H 2 evolution via a nitrogenase and H 2 consumption mainly via an uptake hydrogenase. Consequently, the improvement of the conversion efficiency is achieved through the production of mutants deficient in H 2 uptake activity. The potential, problems, and prospects of H 2 production by cyanobacteria were recently reviewed by Rao and Hall (24) and by Schulz (27) , and hydrogen biotechnology was reviewed by Benemann (3) .
The structural genes coding for hydrogenases have been sequenced and characterized in many microorganisms representing several different taxonomic groups (1, (34) (35) (36) . However, molecular studies concerning hydrogenases of cyanobacteria are scarce. In 1995, Carrasco et al. (5) described a new developmental genome rearrangement for Anabaena sp. strain PCC 7120 which is present in addition to the known nifD (12) and fdxN (13) rearrangements occurring during the differentiation of a photosynthesizing vegetative cell into a nitrogenfixing heterocyst. This third rearrangement occurs within a gene (hupL) that exhibits homology to the genes coding for the large subunits of membrane-bound uptake hydrogenases. They described the excision of a 10.5-kb element late in the heterocyst differentiation process, indicating that the gene coding for HupL in Anabaena sp. strain PCC 7120 is expressed only in heterocysts.
A second set of structural genes coding for a bidirectional hydrogenase (hox) has been sequenced in Anabaena variabilis and in the unicellular non-N 2 -fixing Anacystis nidulans (4, 26) . Nucleotide sequence comparisons showed that there is a high degree of homology between the hox genes of cyanobacteria and genes coding for the NAD ϩ -reducing hydrogenase from the chemolithotrophic H 2 -metabolizing bacterium Alcaligenes eutrophus as well as methyl viologen-reducing hydrogenases from species of the archaebacteria genera Methanobacterium, Methanococcus, and Methanothermus (4, 26) . Moreover, the sequence of an NAD(P)-reducing hydrogenase operon of the unicellular cyanobacterium Synechocystis sp. strain PCC 6803 was recently determined (2) .
Previously, we examined Nostoc sp. strain PCC 73102, a free-living filamentous heterocystic cyanobacterium originally isolated from a cycad of the genus Macrozamia, for the presence of hydrogenases by using antisera directed against proteins purified from other microorganisms (31) . The effects of nickel, hydrogen, carbon, and nitrogen on in vivo hydrogen uptake were also studied (21) .
The aim of the present study was to continue our characterization of cyanobacterial H 2 metabolism in Nostoc sp. strain PCC 73102 and to specifically determine the presence and characteristics of a bidirectional hydrogenase. Unexpectedly, using both molecular and physiological techniques, we found no evidence of either hox genes or bidirectional enzyme activities in Nostoc sp. strain PCC 73102, making this strain an interesting candidate for future biotechnological applications.
MATERIALS AND METHODS
Organisms and growth conditions. The following filamentous heterocystic cyanobacteria were used: Nostoc sp. strain PCC 73102, which has been proposed as the type strain of the species Nostoc punctiforme in the Pasteur Culture Collection (Paris, France) classification; Anabaena-Nostoc sp. strain PCC 7120 (referred to in the text as Anabaena sp. strain PCC 7120); Anabaena variabilis ATCC 29413, (American Type Culture Collection, Rockville, Md.); and Nostoc muscorum Agardh CCAP 1453/12 (Culture Collection of Algae and Protozoa, Ambleside, United Kingdom). Axenic, N 2 -fixing cultures were maintained in BG11 0 medium. Experimental, non-N 2 -fixing cultures were grown in three different growth media: (i) BG11 0 , (ii) BG11 0 lacking Na 2 CO 3 , and (iii) 1/4-strength Allen and Arnon medium plus A5 micronutrient solution (6) . All growth media were supplemented with 5 mM NH 4 Cl, 1 M NiSO 4 , and 10 mM HEPES (pH 7.5) and sparged with air containing 1% CO 2 (300 ml min Ϫ1 ). The cells were grown in continuous light (Thorn Polylux 4000 and OSRAM Warmton Warm White 400 to 700 nm; 40 mol of photons m Ϫ2 s Ϫ1 ) at 26°C, with a magnetic stirrer being used to obtain a homogeneous suspension (18) .
Isolation of DNA. To extract genomic DNA, the cells were resuspended in 50 mM Tris-HCl, pH 8.0, with 10 mM EDTA and disrupted by adding 0.58 g of 0.6-mm-diameter glass beads, 25 l of 10% sodium dodecyl sulfate (SDS), and 500 l of phenol-chloroform (1:1 [vol/vol] ) and vortexing at a high speed. The liquid phases were separated by centrifugation at 14,000 ϫ g for 15 min, and the upper aqueous phase was extracted twice with an equal volume of chloroform. The DNA was precipitated with 1/10 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of 100% ethanol at Ϫ20°C for several hours before being washed, dried, and resuspended in water.
Agarose gel electrophoresis. Agarose gel electrophoresis was performed by standard protocols and with the use of 0.5ϫ Tris-borate-EDTA buffer (25) . Bands of DNA were visualized with the fluorescent dye ethidium bromide by direct examination of the gel under UV light.
Sequence comparisons and PCR. Alignments of amino acids from several bacteria were used to identify conserved amino acid sequences within the bidirectional hydrogenase of A. variabilis (26) and within the uptake hydrogenase of Anabaena sp. strain PCC 7120 (5) . The suitable corresponding nucleotide sequences were used for the construction of PCR primers (for details, see Fig. 1 ).
Computer-assisted sequence analysis and comparisons were performed at the National Center for Biotechnology Information via the BLAST E-mail server. PCR was carried out in a thermal cycler (Gene Amp PCR System 2400; PerkinElmer) with 0.5 U of Taq DNA polymerase, 1ϫ reaction buffer (10ϫ reaction buffer is 500 mM KCl, 15 mM MgCl 2 , and 100 mM Tris-HCl, pH 9.0), 167 M deoxynucleoside triphosphates, 1 M each primer (see Fig. 1 ), and 0.1 to 10 ng of genomic DNA for 40 cycles consisting of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min. A final extension was performed at 72°C for 7 min. The PCR products were separated on a 1.5% agarose gel, and a 100-bp ladder (Pharmacia) was used as the length standard.
Recovery of DNA from agarose gels. DNA fragments were isolated from 1.5% preparative agarose gels by using a QIAquik Gel Extraction Kit (QIAGEN GmbH) according to the instructions of the manufacturer.
Sequencing. Sequencing reactions were performed with a PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit, the thermal cycler mentioned above, and the ABI 373A DNA automated sequencer system (PerkinElmer).
Southern hybridization. Genomic DNA was purified (according to the method described above) and digested with the restriction endonuclease EcoRI and/or HindIII. About 500 ng of each digested DNA was separated electrophoretically in a 1% agarose gel. After denaturation of DNA by treatment with 0.25 M HCl followed by 0.5 M NaOH in 1.5 M NaCl, the agarose gel was washed several times in neutralizing buffer (1.0 M Tris-HCl and 0.6 M NaCl [pH 7.5]) and once in 2ϫ SSPE (20ϫ SSPE is 3.6 M NaCl, 0.2 M NaH 2 PO 4 , and 20 mM EDTA, pH 7.4). The DNA was transferred overnight to a nylon membrane (Hybond-N; Amersham) by the capillary method and fixed onto the membrane by exposure to UV light. The DNA-loaded membranes were prehybridized for 1 to 2 h at 58°C in 6ϫ SSPE, 1ϫ Denhardt's solution (50ϫ Denhardt's solution is 1% Ficoll, 1% polyvinylpyrrolidine, and 1% bovine serum albumin [Pentax fraction V; Sigma]), and 0.5% SDS.
32 P-labeled probes for Southern hybridization were prepared from three DNA fragments obtained by PCR; these probes were called Av1, Av3, and hup2 (see Fig. 1 ). The labeling was performed with the Rediprime DNA labeling system (Amersham) according to the instructions of the manufacturer. The labeled DNA was separated from unincorporated 32 P-labeled nucleotides by NICK columns (Sephadex G-50 DNA grade; Pharmacia). The probe was denatured for 5 min at 95°C, cooled on ice, and then hybridized overnight to the blot in 6ϫ SSPE, 5ϫ Denhardt's solution, and 0.5% SDS at 58°C. After hybridization, the membranes were washed three times at 58°C for 1 h each in 6ϫ SSPE with 0.5% SDS and twice for 10 min each in the same buffer before autoradiography was performed. Damp membranes were wrapped in plastic film and exposed for several hours, at room temperature or at Ϫ70°C, to X-ray film (Hyperfilm-MP; Amersham).
Bidirectional hydrogenase activity. To induce bidirectional hydrogenase activity, the cell suspensions were sparged with argon (Ar) containing 0.5 to 1% CO 2 (or Ar alone for the cultures in growth medium C [see Table 1 ]) at a rate of 300 ml min Ϫ1 for 24 to 30 h (28). Since we are combining physiological literature, in which the enzyme usually is called a reversible hydrogenase, with recent molecular information (26) , in which it was called a bidirectional hydrogenase, we have chosen to call the enzyme a bidirectional hydrogenase throughout the present communication. However, in the physiological and biochemical literature, the same enzyme is usually called a reversible hydrogenase.
In vivo measurements. In vivo bidirectional hydrogenase activity was assayed by determining the evolution of H 2 from methyl viologen reduced by sodium dithionite, using a Perkin-Elmer F33 gas chromatograph, a column (1 meter) packed with Porapack Q (80/100 mesh), and Ar as the carrier gas. For calibration, 1% H 2 diluted in Ar was used. The 2-ml reaction mixtures, in 19-ml sealed vials, contained 1.9 ml of cells resuspended in a solution containing 50 mM Tris-HCl (pH 7.0), 2 mM methyl viologen, and 20 mM sodium dithionite under an Ar atmosphere, and the reactions were carried out with shaking at 30°C. Activity is expressed as nanomoles of H 2 evolved per hour per microgram of chlorophyll a, with the detection limit being 0.4 nmol of H 2 evolved h Ϫ1 g of chlorophyll a Ϫ1 .
In vitro measurements.
In vitro hydrogenase activity was demonstrated in two ways. (i) H 2 production from reduced methyl viologen (see the in vivo assay above) was measured in cell extracts. Activity is expressed as nanomoles of H 2 evolved per minute per milligram of protein and the detection limit is 0.1 nmol of H 2 evolved min Ϫ1 mg of protein Ϫ1 . (ii) H 2 uptake was measured in native polyacrylamide gels by the use of methyl viologen under an atmosphere of H 2 .
Preparation of the cell extract, and native PAGE followed by activity staining. Freshly harvested cells were washed once in 50 mM Tris-HCl (pH 8.0) and resuspended in the same buffer with 2 mM dithiothreitol (1:5, vol/vol), sonicated seven times for 30 s each on ice under a stream of Ar, and centrifuged twice (30,000 ϫ g, 4°C, 20 min). Part of this supernatant was used for in vitro H 2 evolution measurements. The remaining supernatant was applied to a DEAEcellulose DE52 column (0.5 by 3 cm) equilibrated with 50 mM Tris-HCl (pH 8.0) supplemented with 2 mM dithiothreitol. The column was then washed with equilibration buffer, and the hydrogenase fraction was eluted with 0.5 M NaCl in the same buffer. The partially purified extracts were incubated overnight under hydrogen, at 4°C, and subsequently used for native polyacrylamide gel electrophoresis (PAGE). The electrophoresis was performed on 10 to 15% gradient gels with the PhastSystem (18) . Hydrogenase activity was visualized by reduction of methyl viologen (1 mM) in 50 mM Tris-HCl (pH 8.0) under an atmosphere of H 2 in sealed vials. Sodium dithionite was added until a pale blue color appeared. The blue bands of reduced methyl viologen further reduced 2,3,5-triphenyltetrazolium chloride (final concentration, 1%), producing red permanent bands (28) . Pharmacia HMW Calibration Kit proteins were used as standards.
Chlorophyll a content. The total chlorophyll a content was determined by extracting the cyanobacterium cells in 80% (vol/vol) acetone for 16 to 24 h in darkness, measuring the absorbances at 663 and 645 nm, and using the formula described by Harborne (14) .
Protein content. The protein contents of the cell extracts were calculated according to the method of Peterson (22) , with bovine serum albumin being used to standardize the assay procedure.
Image processing. Photographs were scanned and digitalized by using a Studio Scan II si and Fotolook PS 2.07.2 (Agfa Gevaert N.V.). Brightness and contrast were adjusted by using Adobe Photoshop 3.0 (AdobeSystems Europe Limited). Composite figures were printed on a ColorEase PS Printer (Kodak).
RESULTS
hox genes in Nostoc sp. strain PCC 73102. To continue our characterization of H 2 metabolism in Nostoc sp. strain PCC 73102, oligonucleotide primers were designed from conserved sequences within the hoxY and hoxH genes (bidirectional hydrogenase) of A. variabilis ATCC 29413 and within the hupL gene (uptake hydrogenase) of Anabaena sp. strain PCC 7120 (Fig. 1a and b) . These primers were used in PCRs with genomic DNA from either A. variabilis (hox) or Anabaena sp. strain PCC 7120 (hup) as the template. PCR products of the expected sizes were obtained (Fig. 1b and c) , and their respective identities were established by sequencing (data not shown). Subsequently, these DNA fragments were used as probes. In addition, two other PCR products of about 250 and 160 bp were obtained with the primer pairs OS1A-OS3B and OL1A-OL6B, respectively (Fig. 1b and c) . Their sequences showed no homology either to hydrogenases or to any related genes or proteins in the databases (data not shown).
Genomic DNA of A. variabilis, Nostoc sp. strain PCC 73102, Anabaena sp. strain PCC 7120, or N. muscorum CCAP 1453/12 was digested with the restriction endonuclease EcoRI and/or HindIII. Low-stringency Southern hybridizations with the 32 Plabeled probe Av1 (hoxY) or Av3 (hoxH) revealed the occurrence of corresponding sequences in A. variabilis (control), Anabaena sp. strain PCC 7120, and N. muscorum but not in Nostoc sp. strain PCC 73102 ( Fig. 2a and b) . Note the hybridization of both hox probes (Av1 and Av3) to a single HindIII fragment in A. variabilis and Anabaena sp. strain PCC 7120, as well as the identical hybridization pattern observed in N. muscorum (compare Fig. 2a and b) . As a control, Southern hybridizations with the probe hup2 (hupL) demonstrated the presence of a corresponding gene in all the cyanobacteria tested, including Nostoc sp. strain PCC 73102 (Fig. 2c) .
Moreover, the use of genomic DNA of Anabaena sp. strain PCC 7120 or N. muscorum and primer pairs within hoxY and hoxH resulted in DNA fragments of expected sizes for both organisms with the primer pair OS1A-OS3B and for Anabaena sp. strain PCC 7120 with the primer pair OL1A-OL6B. PCR reactions with primer pairs within both the hox and the hup genes and genomic DNA of Nostoc sp. strain PCC 73102 resulted in either no amplification (hox) or amplification (hup) of the corresponding DNA products (data not shown).
Bidirectional hydrogenase activities in Nostoc sp. strain PCC 73102. Cell suspensions of Nostoc sp. strain PCC 73102, N. muscorum, Anabaena sp. strain PCC 7120, and A. variabilis were assayed for the presence of an active hydrogenase. With three different growth media, in vivo functional bidirectional enzymes were observed in N. muscorum, Anabaena sp. strain PCC 7120, and A. variabilis. Nostoc sp. strain PCC 73102 consistently lacked any detectable in vivo activity (Table 1) . Moreover, similar results were obtained when assaying for the presence of an enzyme functional in vitro (Table 2) . Each assay included a control lacking the cell suspension or the cell extract.
Native PAGE followed by in situ hydrogenase activity staining was used to demonstrate the presence or absence of a functional enzyme in partially purified extracts from the four cyanobacteria. Again, bands corresponding to hydrogenase activity and with apparent molecular masses of about 560, 130, and/or 117 kDa were observed for N. muscorum, Anabaena sp. strain PCC 7120, and A. variabilis but not for Nostoc sp. strain PCC 73102 (Fig. 3) .
DISCUSSION
Filamentous heterocystic cyanobacteria have been reported to contain at least two distinct hydrogenases: an uptake hydrogenase and a bidirectional enzyme (30) . However, molecular information concerning corresponding structural genes is only available for a few strains, namely, Anabaena sp. strain PCC 7120 (hupL [5] ), A. variabilis, Anacystis nidulans, and Synechocystis sp. strain PCC 6803 (hox genes [2, 4, 26] ). Previously, we demonstrated the presence of an in vivo light-stimulated H 2 uptake activity in the strain Nostoc sp. strain PCC 73102 (21) . Moreover, native PAGE followed by immunoblotting demonstrated that two proteins with apparent molecular masses of approximately 200 and 215 kDa are immunologically related to hydrogenases purified from Bradyrhizobium japonicum, Azotobacter vinelandii, Methanosarcina barkeri, and Thiocapsa roseopersicina. SDS-PAGE followed by immunoblotting showed that one polypeptide, with a molecular mass of about 58 kDa, is immunologically related to the hydrogenases purified from all the microorganisms mentioned above. In addition, two polypeptides, with molecular masses of approximately 34 and 70 kDa, are immunologically related to the hydrogenases purified from T. roseopersicina and M. barkeri, respectively. Immunogold labeling followed by transmission electron microscopy showed that the hydrogenase proteins are present in both the heterocysts and the vegetative cells (31) .
The present study was carried out in order to examine and characterize the bidirectional hydrogenase in Nostoc sp. strain PCC 73102. The physiological role of the bidirectional hydrogenase has been a matter of speculation, and it is still controversial. The low K m for H 2 suggests that the enzyme generally operates in the direction of H 2 uptake. As the H ϩ gradient in cyanobacteria is directed outward and the bidirectional hydrogenase has a high affinity for H 2 , it was suggested to function in the oxidation of H 2 at the periplasmic side and may allocate electrons to the respiratory chain (16, 26) . Using specific physiological and molecular techniques, we were unable to detect any bidirectional hydrogenase in Nostoc sp. strain PCC 73102. The same techniques clearly showed the presence of an inducible bidirectional enzyme, and corresponding structural genes, in N. muscorum, Anabaena sp. strain PCC 7120, and A. variabilis. Previously, Schmitz et al. (26) , besides cloning and sequencing a set of genes coding for the bidirectional hydrogenase in A. variabilis, also demonstrated the presence of a homologous hoxH gene in Anabaena sp. strain PCC 7119, Anabaena cylindrica, and Anacystis nidulans. Recently, Boison et al. (4) and Appel and Schulz (2) identified and sequenced the structural genes hoxUYH and the genes coding for the small and large subunits of an NAD(P)-reducing hydrogenase in the unicellular non-N 2 -fixing cyanobacteria Anacystis nidulans and Synechocystis sp. strain PCC 6803, respectively. Hence, Nostoc sp. strain PCC 73102 seems to be an unusual cyanobacterium. Both a nitrogenase (19, 21) and an uptake hydrogenase (21) are clearly present in the cells, whereas there is no evidence of the presence of a bidirectional enzyme. Negative results are always more difficult to interpret. However, since none of the three growth conditions used and none of the assays performed indicated any detectable activity in Nostoc sp. strain 73102, whereas all the assays for the other strains were always positive (Tables 1 and 2 ), we strongly believe that this really demonstrates the absence of a functional enzyme in Nostoc sp. strain PCC 73102. Moreover, molecular attempts, Southern hybridizations, and direct PCRs all failed to identify corresponding structural genes in Nostoc sp. strain PCC 73102, whereas again they were positive in the three other strains tested (Fig. 2a and  b and data not shown) . The Southern experiments also demonstrated the presence of the structural genes coding for an uptake hydrogenase (hupL) and a bidirectional enzyme (hoxYH) in A. variabilis, Anabaena sp. strain PCC 7120, and N. muscorum (Fig. 2) , which, to our knowledge, are the first molecular data implying the presence of both an uptake and a bidirectional enzyme in a single cyanobacterium strain.
One consequence of the present data is that none of the immunologically recognized proteins, polypeptides, or antigens (31) represents a conventional bidirectional hydrogenase. However, whether all of the immunologically recognized antigens demonstrate only the presence of an uptake hydrogenase or other, at present unknown proteins or polypeptides are also recognized is at the moment premature to conclude. It is interesting, for instance, that the synthesis of an active [NiFe] hydrogenase is a complex process which involves insertion of Ni and FeS clusters, posttranslational processing of the two subunits, and membrane translocation (20) . Two forms of the large subunit of membrane-bound hydrogenases have been reported. Presumably, the larger form of the protein is processed to a smaller form by a C-terminal cleavage, the latter being the active form. Moreover, the carboxy-terminal extension, which contains several charged residues, might facilitate the attachment of Ni to the active site, and its cleavage may result in the folding of the protein in a stable, active confor- mation. A typical characteristic of the small subunit of the [NiFe] hydrogenases is the presence of an N-terminal cleavable signal (or leader) peptide containing a strictly conserved consensus element, which suggests a conserved mechanism for the function of these signal peptides (20, 35, 36) .
Bidirectional hydrogenases that were functional in vivo and in vitro were observed in A. variabilis, A. 7120, and N. muscorum (Tables 1 and 2 ). Native PAGE followed by in situ hydrogenase activity staining also demonstrated the presence of functional enzymes in partially purified extracts from the three strains of cyanobacteria (Fig. 3) . The presence of multiple bands is presumably due to aggregation (e.g., an upper band with an apparent molecular mass of about 560 kDa) or interconversion (e.g., lower bands with apparent molecular masses of about 130 and 117 kDa, respectively). The relative intensities of the respective bands varied from sample to sample and from gel to gel, most likely due to small differences in the cell extracts and to different levels of hydrogenase induction. These results are in agreement with those reported by Serebriakova et al. (28) for the bidirectional A. variabilis enzyme, which recently was purified and characterized (29) .
Further studies are in progress to examine and characterize the structural genes coding for an uptake hydrogenase in Nostoc sp. strain PCC 73102. Both physiological (21) and molecular (Fig. 2c) (20a) experiments have already indicated their presence in this strain. Using both molecular and physiological techniques, we found no evidence of either hox genes or bidi- (Nmus) was digested with EcoRI (E), HindIII (H), or both of these restriction endonucleases (EϩH), separated by agarose gel electrophoresis, transferred to a nylon membrane, and hybridized with the 32 P-labeled probe Av3 (hoxH). The filter was stripped, rehybridized with a second probe, hup2 (hupL), stripped again, and rehybridized with a third probe, Av1 (hoxY). The Av1, Av3, and hup2 DNA fragments were obtained by PCR with total genomic DNA of A. variabilis (hox) or Anabaena sp. strain PCC 7120 (hup) as the template and the oligonucleotide primer pairs OS1A and OS3B (hoxY), OL1A and OL6B (hoxH), and H4A and H6B (hupL), respectively (Fig. 1) . The positions of the molecular length markers (in kilobases) are shown to the left, and the probe used is indicated above each blot. CO 3 , and medium C is 1/4 Allen and Arnon medium plus A5 micronutrient solution. Both media were supplemented with 5 mM NH 4 Cl, 1 M NiSO 4 , and 10 mM HEPES (pH 7.5).
rectional enzyme activities in Nostoc sp. strain PCC 73102, making this strain an interesting candidate for future biotechnological applications. Molecular deletion of a structural hup gene will create a cyanobacterium producing H 2 through the action of a nitrogenase, with no potential uptake hydrogen and no apparent regulatory effect(s) of a bidirectional hydrogenase.
